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Superconducting Properties of (Mx /YBa2Cu3O7-dy)N Multilayer
Films with Variable Layer Thickness x
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The superconducting properties of (Mx /YBa2Cu3O7-dy)N multilayer films were
studied for varying layer thickness x. Different M phases were examined
including green-phase Y2BaCuO5 (211), Y2O3, BaZrO3, CeO2, SmBa2Cu3O7-d

(Sm123), brown-phase La2BaCuO5 (La211), and MgO. Multilayer (Mx /YBa2

Cu3O7-dy)N structures were grown by pulsed laser deposition onto SrTiO3 or
LaAlO3 single-crystal substrates by alternate ablation of separate YBa2-

Cu3O7-d (123) and M targets, at temperatures of 750�C to 790�C. The x layer
thickness was varied from 0.1 nm to 4.5 nm, and the y 123 layer thickness was
kept constant within a given range of 10 to 25 nm. Different M phase and x
layer thicknesses caused large variations of the microstructural and super-
conducting properties, including superconducting transition (Tc), critical
current density as a function of applied magnetic field Jc(H), self-field
Jc(77 K), and nanoparticle layer coverage. Strong flux-pinning enhancement
up to 1 to 3x was observed to occur for M additions of 211 and BaZrO3 at 65 to
77 K, Y2O3 at 65 K, and CeO2 for H < 0.5 T. BaZrO3 had a noticeably different
epitaxy forming smaller size nanoparticles ~8 nm with 3 to 4x higher areal
surface particle densities than other M phases, reaching 5 · 1011 nanoparti-
cles cm-2. To optimize flux pinning and Jc (65 to 77 K, H = 2 to 3 T), the M
layer thickness had to be reduced below a critical value that correlated with a
nanoparticle surface coverage <15% by area. Unusual effects were observed
for poor pinning materials including Sm123 and La211, where properties such
as self-field Jc unexpectedly increased with increasing x layer thickness.

Key words: Superconductor, thin film, YBa2Cu3O7-d, multilayer,
nanoparticle, flux pinning, critical current density, magnetic
field, pulsed laser deposition

INTRODUCTION

The development of high-temperature supercon-
ductor YBa2Cu3O7-d (YBCO or 123) thin films on
polycrystalline substrates (coated conductors) with
Jc > 1 MA/cm2 offers great promise for incorpora-
tion into power applications such as generators or

motors operating at 77 K.1–5 YBCO has excellent
properties at 77 K including high Jc(H) due to
strong flux pinning. However it is of interest to
increase Jc(H) even further, to increase wire per-
formance and reduce production costs almost pro-
portionally.1,2 For type-II superconductors, it is
known that flux pinning can be increased by incor-
porating a high density of extended nonsupercon-
ducting defects into the material.2–4 The defect size
should be approach the coherence length ~2–4 nm
at 4.2 to 77 K to maximize pinning.2–4

(Received January 19, 2007; accepted May 17, 2007;
published online September 14, 2007)
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Many methods of introducing defects can be
considered to increase flux pinning in YBCO,2–4 and
recent efforts have studied the use of (Mx /123y)N
heterostructures to introduce ~3 to 20 nm-size is-
land-growth nanoparticles or even larger-diameter
plate-like defects into the films.5–17 A number of
different second-phase additions M have been tes-
ted, including M = green-phase 211,5–12

Y2O3,11,12,14,15 CeO2,11–13 IrZrO3,16 BaZrO3,17 and
other phases with negative effects on Tc and/or
Jc(H) including M = La211,11,12 MgO,11,12 and
Sm123.12 Studies of (Mx /123y)N heterostructures
can provide basic information about the relative
pinning properties of different M phases, and spe-
cific parameters of flux pinning such as the effects of
different layer spacings.

While initial results have been presented on
the effect of different pinning-layer thickness x in
(Mx /123y)N structures, detailed studies have not yet
been published.5–17 This paper presents a system-
atic comparison of film properties for selected M
phases and different x layer thickness. A significant
result observed is that the surface coverage is an
important constant factor to optimize flux pinning,
regardless of the M phase. Significant differences in
Tc, self-field Jc (Jc-self-field) and Jc(H) were also ob-
served, varying with the M phase, which are not yet
fully understood. In this study, the 123 thickness y
was held constant in the range of about 10 to 25 nm,
as the superconducting properties did not change
dramatically for constant x and this range of y.
Therefore y was constant in the studies herein to
allow the detailed study of the change of the x layer
thickness.

The M phase additions studied are shown in
Table I, which also includes the lattice mismatch

with respect to 123. As studied preliminarily pre-
viously and shown in more detail herein, the lattice
mismatch of M to 123 is an important factor that
strongly affects pinning and the magnitude of Jc(H)
achieved.11,12

Only high lattice-mismatched materials, >4%
with respect to 123, increased Jc(77 K, H > 0.5 T)
for the parameter ranges tested: 123 layer thickness
y = 10 to 25 nm, and heater temperature = 775 to
790�C, as shown herein and studied previously.11,12

Interestingly phase additions with very close lattice
mismatching of <1% dramatically lowered Jc(77 K,
H > 0.5 T) by a factor of 10 to 100, suggesting that
the density and type of pinning defects are consis-
tently reduced by inducing more-perfect
growth.11,12 Additional evidence is also presented
herein on how the chemical reactivity can nega-
tively affect superconducting properties.11,12

EXPERIMENTAL

Multilayer (Mx /123y)N films were deposited by
pulsed laser deposition (PLD), using the parameters
and conditions described in detail previ-
ously.5–14,17,18 Deposition parameters were 248 nm
laser wavelength, ~3.2 J/cm2 laser fluence, 25 nm
pulse length, 2 to 4 Hz laser repetition rate, 5.5 cm
target-to-substrate distance, 83 to 92% dense tar-
gets, 300 mTorr oxygen partial pressure, and a
postdeposition anneal at 500�C in 1 atm of oxygen.18

The heater block temperature varied slightly for the
different M phases studied: 775�C for 211, Y2O3,
La211, Sm123 and MgO, 790�C for BaZrO3,17 and
750�C for CeO2 to avoid the formation of large
precipitates that are observed with a higher
growth temperature of 775�C to 785�C,11–13 unless

Table I. Crystal Properties of M Phases Studied, and the Lattice Mismatch to 123. The Lattice Parameters of
Epitaxy Are �a = (a,b)avg, a¢¢ = a/2, a* = a/

p
2

Material Lattice Type
Lattice

Parameters (nm)
Lattice Parameter

of Epitaxy (nm)
Lattice Mismatch

to 123 �a (%)

YBa2Cu3O7-d Orthorhombic a = 0.3825 �a = 0.3855
b = 0.3886
c = 1.166

SmBa2Cu3O7-d Orthorhombic a = 0.3855 �a = 0.3877 +0.57
b = 0.3899
c = 1.1721

CeO2 Cubic a = 0.54115 a* = 0.3827 -0.75
Y2O3 Cubic a = 1.0604 a*¢¢ = 0.3749 -2.8
Y2BaCuO5 Orthorhombic a = 0.7132 a¢¢ = 0.3566 -7.5**

b = 1.218
c = 0.5659 c¢¢ = 0.2830 -27.6**

BaZrO3 Cubic a = 0.41898 a¢ = 0.41898 +8.7
MgO Cubic a = 0.4203 a¢ = 0.4203 +9.0
La2BaCuO5 Tetragonal a = 0.67015 a¢¢ = 0.3351 -13.1**

c = 0.58211

**Epitaxy of Y2BaCuO5 onto 123 is b-axis oriented6, so the lattice misfit is calculated for both a¢¢ and c¢¢.
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otherwise noted. These differences of heater block
temperature can cause small variations of Jc and Tc,
but were sufficiently close to allow an initial study
for comparison. The substrates used were LaAlO3

(LAO) and SrTiO3 (STO) 100 oriented single crys-
tals, with epi-polish. For multilayer films, an auto-
mated target rotation and pulse-triggering system
was used to control the deposition sequences, with a
period of about 13 s, during which the deposition
was stopped and different targets were rotated into
position. The deposition rate for each pinning
material was calibrated prior to multilayer deposi-
tion. In this paper, the term �pseudolayer� is used to
describe the M phase layer. The pseudolayer thick-
ness in the multilayer films was calculated assum-
ing smooth continuous film coverage, although the
insulating layer in most cases consisted of discon-
tinuous and discrete nanoparticles. Deposition rates
for 123 were 13 to 15 nm/min and for M phases
varied from 10 nm/min to 20 nm/min for all phases
except MgO, which was 3 nm/min and BaZrO3 and
La211, which were 30 to 35 nm/min. To obtain lower
M deposition rates than usual for M = CeO2, Y2O3

and BaZrO3, an attenuating lens was added to
reduce the laser fluence by ~30%. The total film
thickness was kept in the range of 0.25 to 0.35 lm to
provide consistent comparisons. The film thickness
of every sample was measured multiple times across
acid-etched step edges with a profilometer (KLA-
Tencor, P15), to obtain the average value and
standard error of measurement <5%.

The superconducting transition temperature (Tc)
was measured using an alternating current (AC)
susceptibility technique with the amplitude of the
magnetic sensing field strength, h varying from
0.025 Oe to 2.2 Oe, at a frequency of approximately
4 Hz. Note that the AC susceptibility provides
information about the primary and secondary
transitions of the entire film, rather than a defined
path that is obtained with transport Tc measure-
ments. Transition widths of Tc were defined as the
full-width at half-maximum (FWHM) of the v¢¢
transition measured for a 2.2 Oe field. Magnetic Jc

measurements were made with a vibrating sample
magnetometer (VSM) at magnetic field strengths of
0 to 9 T, and a ramp rate of 0.01 T s-1. The Jc of the
square samples was estimated using a simplified
Bean model Jc = 15DM/R, where M = magnetiza-
tion/volume from M–H loops, and R = radius of
volume interaction = square side, for consistency.18

Characterization of the microstructures was per-
formed with scanning electron microscopy in ultra-
high-resolution mode (SEM, FEI–Sirion). Transport
Jc measurements were made with microbridges that
were 0.03 to 0.05 cm wide by 0.3 cm long using the
four-point contact method, and with a voltage cri-
teria of 1 lV/cm. Microbridges were made by
248 nm UV laser etching through alumina masks
with a laser fluence 0.1 J/cm2, a laser pulse length
25 ns, at 1 Hz. The critical current was measured in
liquid nitrogen at 77.2 K. Current was applied to

the sample by a step-ramp method: a current step
interval of 0.2 to 0.5 s, a ramp rate of 0.25 to 1.0 A/s,
and a voltage sample period two to four times
smaller than the current step interval. The maxi-
mum current step size was 0.1 A.

RESULTS AND DISCUSSION

The effect of varying the M phase on Tc transi-
tions is shown in Fig. 1, as a function of x, the
pseudolayer thickness. As shown in Fig. 1, M-phase
nanolayer addition generally lowered the Tc onset
on average by about 1 K for 211, BZO, Y2O3, La211
and Sm123, and even more (by about 2 to 4 K) for
CeO2 and MgO. As the surface pseudolayer thick-
ness increased above a critical value, Tc started to
decrease approximately linearly for both Y2O3

14 and
211. The critical value for decrease of Tc for both 211
and Y2O3 did not correlate with pseudolayer thick-
ness, but rather correlated closely with nanoparticle
surface layer coverage >20%, as will be shown later.
The Tc FWHM of the M phases also varied consid-
erably. The Tc FWHMs were large by about 6 to 8 K
for MgO and La211 for even very low pseudolayer
thickness <0.2 nm, and the full v¢¢ Tc transitions
were not completed above 77 K for these materials,
as shown in Fig. 1 for a pseudolayer thickness of
x ~0.5 nm, and also given previously for x ~1 nm.11

These wide transitions suggest that the materials
were degraded by chemical reaction and diffusion
into the superconductor. BaZrO3 had the narrowest
Tc FWHM transitions of about 1.4 K for a moderate
layer thickness, constant for a wide range of
pseudolayer thickness. This was followed by 211,
Y2O3 and Sm123 with Tc FWHM ~1.5 to 3 K. As the
Tc FWHM widened above 3 K for 211 and Y2O3, the
Tc transition correlated roughly to a decrease of
the self-field Jc, as shown in Fig. 1. The reason for
the correlation is being studied presently.19

The variation of self-field Jc is also shown in
Fig. 1, for a range of pseudolayer thicknesses. The
trends of self-field Jc in Fig. 1 correlated roughly
with the trends measured for Tc and Tc FWHM.
Different M phase additions with low Tc and/or wide
Tc FWHM including MgO, CeO2, and La211 and
Y2O3 for x > 1.3 nm had low Jct £ 1 MA/cm2 for the
range of pseudolayer coverages considered. La211
had an increase of Jc-self-field as the pseudolayer
thickness increased, which was correlated with a
slight increase of Tc and decrease of Tc FWHM. For
CeO2 the self-field Jc dependence on pseudolayer
thickness was flat, similar to the Tc. Sm123 had a
slight upward trend of self-field Jc with increasing
pseudolayer thickness, which was consistent with
the increase of Tc and no change of Tc FWHM.

The microstructural properties of (Mx/123y)N film
surfaces are shown in Figs. 2–4, imaged by SEM at
high magnifications of 100,000 times for M addi-
tion = 211, MgO, BaZrO3, Sm123, and also a refer-
ence 123-only film. Similar micrographs for
M = Y2O3, CeO2, and La211 additions at the same

1236 Haugan, Barnes, Campbell, Pierce, Baca, Locke, Brockman, Westerfield, Evans, Morgan, Klenk,
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Fig. 2. SEM micrographs of a 123-only film and (211x /123y)N multilayer films.

Fig. 1. Tc measurements by AC susceptibility v¢¢ at 2.2 Oe and self-field Jct measurements of (Mx /123y)N films for varying pseudolayer thickness:
(upper left) Tc transitions for x ~0.5 nm; (upper right) relative Tc onset compared to 123 average; (lower left) Tc FWHM measurements, (lower
right) self-field Jct at 77.2 K. Lines are guides to the eye.

Superconducting Properties of (Mx /YBa2Cu3O7-dy)N Multilayer Films with Variable Layer Thickness x 1237
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Fig. 4. SEM micrographs of (Sm123x /123~15nm)N and (BaZrO3x /123~15 nm)N multilayer films.

Fig. 3. SEM micrographs of (MgOx /123~18 nm)N multilayer films.

1238 Haugan, Barnes, Campbell, Pierce, Baca, Locke, Brockman, Westerfield, Evans, Morgan, Klenk,
Harrison, Chaney, and Maartense
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magnification were published previously,11,13,14 and
micrographs for BaZrO3 were shown at higher
magnification.17 La211 addition did not produce any
visible nanoparticle formations.11 The micrographs
in Figs. 2–4 show a noticeable variation of nano-
particle sizes, densities and shapes for different M
phase additions. Note that the nanoparticles appear
white or lighter due to enhanced surface charging
and emission of imaging electrons, which suggests
that they are insulating. Additions of M = Y2O3 and
211 had similar size (9 to 13 nm) and areal surface
densities 0.8 to 1.4 · 1011 nanoparticles cm-2.6,14

However the surface coverage of Y2O3 was about
two times higher for similar pseudolayer thickness,
which will be shown in more detail later. Phase
M = Y2O3,14 211 and MgO had incomplete surface
coverage with gaps of 50–100 nm for low specific M
layer thickness, which was not observed for
M = BaZrO3 except for much smaller scale of about
10 nm.

Nanolayer addition M = BaZrO3 had markedly
different nanoparticle coverage than other M pha-
ses, achieving both much higher areal surface
densities of up to 5 · 1011 nanoparticles cm-2 and
smaller average nanoparticle size <8 nm (Fig. 4).
Presumably M = BaZrO3 would provide more-con-
sistent and stronger pinning properties, but this
has not yet been confirmed for Jc(H//c-axis).17

However Jc(H/ab-plane) properties were markedly
three times higher for M = BZO compared to other
pinning materials.17 Nanoparticle formations for
MgO were noticeably different from other M pha-
ses, forming nanorod structures. The M = MgO
nanorod structures were quite different from
M = BaZrO3 disc-shaped nanoparticles, and since
MgO and BZO have almost the same lattice mis-
match of ~9% and cubic crystal structure (Table I),
the formation of nanorods for MgO nanolayers
suggests that a different noncubic crystal structure
has formed possibly from reaction with 123. Reac-
tion of Mg and 123 lowers Tc strongly by about
15 K for very small substitution x = 0.025 in YBa2-x

MgxCu3O7-d (<0.5 at.%), and Mg was found to sub-
stitute mostly on the Cu site and/or react with Ba to
form oxides.20–22 We speculate that the nanorods in
Fig. 3 could be a-axis-oriented distorted-orthorhom-
bic YBa2Cu3-xMgxO7-d,

20 double-perovskite (Y,Mg)2
Ba2O6,23 (Cu,Mg)O with x £ 0.2,24 or other Mg-re-
acted phase such as distorted-cubic Ba(Cu,Mg)O2-d.

While the microstructures of (MgO/123)N films
are interesting, with potentially different pinning
properties that might result from the rod structures,
the Tc and Jc-self-field are reduced so much that such
advantages probably cannot be realized. It should
also be noted that (MgO/123)N films appear to have
disrupted the formation of the 123 island structures
that were observed in other (M/123)N multilayer
films to some degree. Therefore (MgO/123)N inter-
layers might be useful to level or homogenize the
films in more-complex or thicker multilayer struc-
tures. Finally the microstructural properties of

(Sm123/123)N multilayer films are interestingly
different for Sm123 x = 0.6 nm compared to Sm123
x = 2 nm. The Sm123 x = 2.0 films had higher Tc

and Jc-self-field compared to Sm123 x = 0.6 films,
which may correlate to the larger grain structure in
Fig. 4. The reason why the Sm123 x = 0.6 nm film
had worse Jc is speculated to be caused by disrup-
tion of pinning defects such as dislocation networks
or planar defects, as discussed previously for
CeO2.11–13 The formation of large pore defects was
also observed for Sm123 x = 2.0 films.

Properties of nanoparticle formations including
surface coverage, areal surface densities, average
size, and expected height are plotted in Fig. 5 for
different M phase additions. The trends observed in
SEM micrographs in Figs. 2–4 were measured
quantitatively and represented in Fig. 5. The most
notably unique nanoparticle formations observed
were for BaZrO3 with 3–5x higher nanoparticle
areal densities achieved than other phases; e.g. up
to 5 · 1011 nanoparticles cm-2. This high nanopar-
ticle density is equivalent to a ~11 T matching field,
and much higher than the 2 to 3 T matching field
for other phase additions. BaZrO3 also had the
smallest average nanoparticle size among all phases
studied, ~8 nm for variable pseudolayer thickness.
The nanoparticle surface coverage for all materials
changed as expected by increasing nearly linearly
with increasing pseudolayer thickness. The trend
for MgO was slightly different; e.g., slightly
decreasing from linearity with increasing pseudo-
layer thickness, which can be explained by
increasing nanoparticle height or incomplete
chemical reaction of MgO and 123, which reduces
the relative amount of material forming nanoparti-
cles. The variation of average nanoparticle size
(surface diameter) is also plotted in Fig. 5, which
shows gradual growth except for MgO which had
two to three times faster growth than other phases.
By looking at the combined graphs in Fig. 5, epi-
taxial growth of Y2O3, 211, and MgO occurred pri-
marily by increasing the areal density of
nanoparticles, as well as slowly increasing the
nanoparticle size and height, whereas BaZrO3 grew
initially by increasing strongly in nanoparticle
density. After reaching a critical level of pseudo-
layer thickness, the nanoparticle areal number
density for all phases decreased as expected as the
nanoparticles joined together to form complete lay-
ers, as shown. The expected nanoparticle height was
calculated simply from the area coverage and
pseudolayer thickness, and plotted in Fig. 5. The
ratio of measured/expected nanoparticle heights
gives a measure of the deposition efficiency of the M
phase; n = measured/expected nanoparticle height.
While these ratios were not measured at this time,
we suspect for MgO the ratio of n to be greater than
1 if it is reacting with 123 as expected. Also we be-
lieve the ratio of n for 211 might be as low as 0.3 to
0.5, as 211 may be difficult to deposit directly as a
second-phase, and the formation of Y2O3 and 123

Superconducting Properties of (Mx /YBa2Cu3O7-dy)N Multilayer Films with Variable Layer Thickness x 1239
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film by-products may be occurring to some degree.
Nanoparticle heights of 211 expected in Fig. 5 were
very consistently ~10 nm, which is quite high con-
sidering the particles themselves barely have this
average diameter. However 211 nanoparticle
heights by TEM cross-sections of 211 pseudolayers
were typically less than 5 nm on average,6,12 which
suggests that the prediction of n < 1 is correct.

The effect of M phase additions on Jc(H, 65 to
77 K) was measured by magnetic methods in Fig. 6
for complete Jc(H) curves for a pseudolayer coverage
of x ~0.5 nm, and for selected values of H = 2 to 3 T
and variable pseudolayer thickness x. The trends of
Jc(H) in Fig. 6 correlate roughly with the trends
observed for Tc and self-field Jc: MgO, CeO2 and
La211 additions generally had the lowest values of
Jc(H). MgO, which had the widest Tc FWHM tran-
sitions and the clearest evidence of chemical reac-
tion, had the lowest Jc(H) of all the phases studied.
Sm123 had remarkably similar Jc(77 K, H > 0.5 T)
properties to CeO2 for flux pinning, despite the
larger differences in the Tc FWHM and self-field Jc.
The lattice mismatches for CeO2 and Sm123 were
both <1% with respect to 123, which we believe
indicates that lattice mismatch is an important
variable to control microstructural defects that af-
fect flux pinning, rather than the electrical proper-
ties of the phases.11,12 At 77 K, only M = 211 and
BaZrO3 showed evidence of increased pinning,
while M = Y2O3 had almost exactly the same flux
pinning as 123-only films. At 65 K the properties

were different however, with M = 211, BaZrO3 and
Y2O3 all having strong increases of Jc(H) up to three
times, and BaZrO3 having slightly better Jc(H = 3 T)
properties for x < 0.7 nm. Interestingly M = CeO2

addition showed a unique increase of Jc at low fields
H < 0.5 T at both 65 K and 77 K, despite large
decrease of Jc at higher fields H > 0.5 T. Also for
H < 0.5 T CeO2 was different from Sm123. Further
work is necessary to understand these differences
and what types of defects causes these varying
effects. Also, unusually for M = La211 and x ~1.5
nm, the Jc(H) values increased to be almost equal to
other M phases and 123. Since nanoparticles were
not formed with La211 addition,11,12 this suggests
that other microstructural defects are effective for
flux pinning at H = 2 to 3 T with a large addition of
La211 phase (~9% by volume). These combined
results indicate that different defects are forming
with varying M addition, causing varying properties
of Jc(H). Some defects formed pins well at low field
H < 0.5 T while others pin at high fields H > 0.5 T.
Nanoparticles including 211 pin well at both low
and high fields, however are possibly not the best at
low fields H < 0.5 T, as shown herein for different
pseudolayer thicknesses and previously for selected
pseudolayer thicknesses.11–13

While Fig. 6 plots Jc(H) properties for varying
pseudolayer thickness, it is also of interest to
replot the same curves as a function of nanoparticle
surface layer coverage, as shown in Fig. 7. As
shown there, the surface layer coverage is closely

Fig. 5. Properties of nanoparticle formations on (Mx /123y)N film surfaces. The nanoparticle size is the average diameter assuming disc-shaped
particles. The data plotted is measured except for nanoparticle heights which are predicted values assuming 100% deposition efficiency of the M
phases. Lines are guides to the eye.
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correlated to flux pinning regardless of the M phase,
which indicates that it is an important experimental
parameter to control and optimize for every pinning
material. The slight difference for BaZrO3 compared
to Y2O3 and 211 might be explained by different
nanoparticle coverage, as discussed previously.
Figure 7 indicates that the two-dimensional (2-D)
surface layer coverage must be reduced to <15 to
20% to increase Jc(H) of (M/123)N films to compa-
rable or higher values than 123-only films, for all
three nonreactive phases studied: M = 211, Y2O3

and BaZrO3. If the 2-D pseudolayer coverage is
> 20%, Jc begins to drop significantly below the
average for 123 films. Interestingly this 2-D layer
coverage percentage is roughly similar to theoreti-
cal predictions of the maximum for flux pinning that

occurs with ~15 vol.% defect addition, calculated
using classical models of three-dimensional (3-D)
current flow.25 For magnetic field penetration in
YBCO with H//c-axis, circulating currents must flow
in the ab-plane to form vortices, so similar consid-
erations might apply for 2-D compared to 3-D
modeling. However it is unknown yet whether there
is a connection between these considerations. It
should be noted that these conclusions were reached
by imaging nanoparticles on film surfaces, and
slightly different shifts of the Jc(H) versus pseudo-
layer coverage curves and interpretations might
result from imaging nanoparticles on the inside
layers of the films. On the inside layers, nanopar-
ticles might be slightly smaller, have higher number
density, and be shorter in height, as the M layers

Fig. 6. Critical current density measured by magnetic methods for varying M phase addition: (upper) for approximate constant pseudolayer
thickness x ~0.5 nm; (lower) variable pseudolayer thickness and constant magnetic field. Lines are guides to the eye.

Fig. 7. Critical current density using the same data points from Fig. 6, plotted as a function of pseudolayer coverage rather than pseudolayer
thickness. The curve fits from Fig. 5 (top left) were used to convert pseudolayer thickness to pseudolayer coverage. Lines are guides to the eye.
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have only about 13 s to rest before the next 123
superconducting layer is deposited. However de-
spite these possible differences, the plots for Jc(H)
versus surface coverage in Fig. 7 are consistent,
indicating that surface layer coverage is an impor-
tant variable to control.

CONCLUSIONS

The properties of (Mx /123y)N multilayer films
were studied for varying M pseudolayer thickness x.
Strong flux pinning was observed for M = 211,
BaZrO3, and Y2O3 that varied with applied field and
temperature, and for CeO2 for H < 0.5 T. BaZrO3

had a notably different epitaxy forming smaller size
nanoparticles ~8 nm and three to four times greater
areal surface particle densities than other M pha-
ses, reaching 5 · 1011 nanoparticles cm-2. To opti-
mize flux pinning, the M layer thickness had to be
reduced below a critical value that correlated with
surface layer coverage <15% by area. This inter-
estingly correlates closely with theoretical predic-
tions of a maximum of flux pinning occurring for
~15% defect volume additions, however the expla-
nation of this comparing 2-D vortex current flow to
3-D current flow25 is only speculation so far. Unu-
sual effects were observed for poor pinning materi-
als including Sm123 and La211, where properties
such as self-field Jc unexpectedly increased with
increasing M layer thickness. The effects of M-phase
lattice mismatch and probable chemical reactions
between M phases and 123 on flux pinning were
further presented herein.11,12
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